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have exciton binding energies of several hundreds of meV. By 
placing organic semiconductors as active layers into microcavi-
ties, exciton–photon coupling strengths of >500 meV have been 
achieved, thus taking the exciton–photon system into the ultra-
strong coupling regime.[8] Polariton condensation was very 
recently demonstrated for several structurally very different 
organic systems, including ladder-type conjugated polymers[9], 
low-molecular weight fluorenes[10], and biologically produced 
fluorescent proteins (eGFP[11]). In this context, fluorescent 
proteins (FPs) retain a special position as they offer superior 
photonic properties in terms of quantum yield (0.6[12] for eGFP 
compared to 0.43[13] and 0.25[14] for TDAF and MeLPPP, respec-
tively) and singlet–singlet annihilation (SSA).[11] This effect can 
be explained by the unique molecular structure of fluorescent 
proteins, which comprises of a chromophore at the center 
surrounded by a barrel-like arrangement of β-sheets which 
effectively protect the chromophore from outside influences 
and from reactions with ambient species. This outstanding 
morphology manifests itself in a very good overall photosta-
bility at high excitation densities. The green-emitting eGFP was 
the first organic material for which both a first threshold asso-
ciated with polariton lasing and a second threshold associated 
with the onset of photon lasing was observed.[11] This effect is 
well-known for polariton systems[15] but has previously not been 
observed in organic materials due to issues with material degra-
dation and possibly excessive exciton–exciton annihilation.[9,10]
Here, we substantiate the versatility of fluorescent proteins 
for polariton physics and demonstrate a fully tunable laminated 
polariton cavity filled with the green-emitting protein eGFP 
and the red-emitting protein tdTomato (molecular structures, 
Figure 1A,B). By slightly tilting one of the cavity mirrors with 
respect to the other, a cavity thickness gradient is realized allowing 
spectral tuning of polariton states and simultaneous adjustment 
of photonic and excitonic fractions of distinct polariton modes. 
In addition, by introducing a gradient in the mixing ratio of the 
eGFP-tdTomato-blend, one can change the degree of absorption 
in different spectral regions in a deterministic manner, which 
enables an effective way of changing the coupling strength in 
the system (Figure 1C). The combination of these degrees of 
freedom yields a strongly coupled cavity-blend system that is fully 
tunable in terms of its photonic and excitonic properties.
eGFP and tdTomato are particularly interesting for photonic 
experiments because they are among the FPs with the highest 
quantum yield and photostability. While eGFP is monomeric, 
tdTomato forms tandem dimers with a flexible interconnec-
tion that, in principle, allows any torsion angle between paired 
dimers. The absorption and emission spectra of eGFP and 
tdTomato are given in Figure 1D: the absorption spectrum of 
eGFP (tdTomato) peaks at 2.540 eV (2.238 eV) whereas the 
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Strong exciton–photon coupling phenomena and the forma-
tion of exciton–polaritons have inspired extensive research over 
recent years. This has culminated in the discovery of various 
groundbreaking phenomena in solid-state physics, such as the 
Bose–Einstein condensation of polaritons,[1,2] Bogoliubov excita-
tions,[3] and integer and half-integer polariton vortices.[4,5] They 
further hold great potential in mimicking extraordinary physical 
systems such as integrated circuits[6] or topological insulators.[7] 
The rich physics is based on the bosonic nature of exciton–polar-
itons that are able to accumulate in their ground state where 
they form a condensate. This enables emission of coherent 
light without the need for population inversion as required in 
conventional laser structures. Polariton condensates are particu-
larly attractive from a practical perspective as they offer orders 
of magnitude smaller condensation thresholds (compared to 
photon lasing thresholds in the same device). Within a con-
densate, polaritons also have an intrinsic ability to diffuse and 
propagate (e.g., away from the region in which they have been 
generated) and can be readily manipulated by external forces.
Gallium arsenide/aluminium arsenide (GaAs/AlAs) is the 
most commonly employed material platform for studying 
strong exciton–photon coupling and mirrors, barriers and wells 
can all be defined in this material. However, when using the 
GaAs/AlAs platform, experiments on polariton physics require 
very low temperatures (few Kelvin range) owing to the small 
exciton binding energy of only a few meV in these materials. 
The use of organic emitters as active exciton material by con-
trast offers formation of stable excitons and polaritons at room 
temperature and far above. The Frenkel excitons in these mate-
rials are tightly localized (to one or a few molecules) and often 
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emission maximum lies at 2.440 eV (2.144 eV). Spectrally, the 
absorption of tdTomato overlaps almost perfectly with the emis-
sion of eGFP. In solid-state blends of the two FPs, this leads to 
suppressed emission from eGFP molecules and strong Förster 
resonant energy transfer (FRET) from eGFP to tdTomato.[16] In 
general, the efficiency of FRET depends on the intermolecular 
distance between proteins of different species (R−6-dependence). 
Typical FRET distances for FP are well below 10 nm.
We first characterized microcavities filled with a film of a 
homogeneous eGFP-tdTomato-blend (initial concentration is 
50 g L−1 for eGFP and 5 g L−1 for tdTomato in a mixing ratio 
of 1:1). This was done by measuring the angularly and spec-
trally resolved white-light reflectivity. Compared to fluores-
cence measurements, white light reflectance provides a more 
direct measure of how the absorption bands of the two pro-
teins lead to the hybridization of light and matter state in the 
structure. In addition, it gives insight into the contribution of 
all involved modes, that is, both the lower and upper polar-
iton states (the latter are frequently obscured in fluorescence 
spectra). Figure 2A shows the white-light reflectivity spectra 
for two different cavity thicknesses (1.75 µm, left, and 4.82 µm, 
right). The measured spectra are TE-polarized and show the 
spectral region close to the eGFP exciton reservoir. The spec-
tral shift of the modes with angle is extracted from the experi-
mental data and shown in Figure 2B for a magnified section 
of Figure 2A. None of the involved modes crosses at points 
along the dispersion curves where the uncoupled modes would 
be degenerate. This avoided crossing is the key characteristic 
of the strong coupling regime and is an inherent property of 
strongly interacting particles. This means that the observed 
microcavity modes are all of polaritonic nature and can be 
described as the eigenvalues of a coupled oscillator matrix as 
previously done in ref. [11] Taking into account the uncoupled 
excitonic transitions from eGFP and tdTomato (see Figure 1D) 
and extracting the angular-dependent spectral positions of all 
observable polariton modes allows deduction of the dispersion 
of the uncoupled cavity photon modes (shown as dashed gray 
and black lines in Figure 2B). Not only the regular cavity modes 
(denoted Cn) are strongly coupled to the organic excitons but 
also the first Bragg mode of the dielectric mirrors (denoted B1). 
We believe this is a consequence of the large quality factor of 
the cavity which results from the high reflectivity of the mirrors 
and the good optical homogeneity of the protein blend. From 
the best fit of a coupled oscillator model to the reflectance spec-
trum taken at a microcavity thickness of d = 4.82 µm, we obtain 
coupling strengths of V1 = 49 meV to the eGFP excitons and 
V2 = 57 meV to the tdTomato excitons. The value obtained for 
eGFP is less than half of what was observed in earlier experi-
ments (V1 = 97 meV[11]). This discrepancy can be explained by 
the dilution of eGFP with tdTomato and by the different con-
centrations of the solutions used for the preparation of the 
protein films (the concentration used here was 50 g L−1 whereas 
200 g L−1 was used in ref. [11]). Generally, the coupling strength 
scales with the density of molecules in the cavity.[17] Performing 
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Figure 1. Schematic illustration of the structure of the two biologically produced proteins studied here, A) monomeric eGFP and B) the tandem dimer 
tdTomato. C) Illustration of the laminated microcavities containing both eGFP and tdTomato. D) Normalized absorption (red and green lines) and 
emission (red and green areas) spectra of tdTomato (red) and eGFP (green), together with normalized reflectivity spectrum (gray dashed line) of the 
used dielectric mirrors (center of stop band at 532 nm, corresponding to 2.3 eV). The vertical green and red line highlight the center of the exciton 
transitions of eGFP and tdTomato, respectively.
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the same fitting routine for a reflectance spectrum taken at a 
position where the microcavity is much thinner reveals similar 
values for both coupling strengths, proving that the system 
remains in the strong coupling regime over the entire lateral 
extension of the protein microcavity.
Scanning the microcavity along the thickness gradient allows 
controlled spectral adjustment of the photonic components 
with respect to the excitonic transitions (so called detuning). 
Figure 2C shows zero-degree reflectance spectra versus cavity 
thickness. Changes of detuning dramatically affect the char-
acter of each polariton mode, that is, its photonic and excitonic 
fractions. To visualize this effect in our present configuration, 
we calculated the excitonic and photonic fractions of a distinct 
polariton mode starting from the relation = polM a E a
n  with M 
being the coupled oscillator matrix, a  = (α, β, γ1,…, γn) being the 
eigenvectors and Enpol being the eigenvalues (polariton mode 
energies) of the coupled exciton–photon system.[11] The exci-
tonic and photonic fractions of a distinct polariton mode (i.e., 
an eigenvalue of M) are then given by the squares of the ele-
ments of the eigenvectors with X = α2 + β2 being the total exci-
tonic and C = γ12 + … + γn2 being the total photonic fraction. The 
thickness dependence of the total excitonic fraction X (as well 
as the individual excitonic contributions α2, i.e., associated with 
eGFP, and β2, i.e., associated with tdTomato) for a polariton 
mode crossing both eGFP and tdTomato resonances is shown 
in Figure 2D. The maximum excitonic fraction observed here is 
about 0.35, which means that the polariton modes generally are 
highly photonic. This is a consequence of the large cavity thick-
ness (several times the wavelength of the cavity modes) and the 
respective collective coupling of several photonic modes to the 
exciton reservoirs. However, the present tuning mechanism 
allows creating polariton modes that are either fairly excitonic 
(X = 36%) or almost fully photonic (X = 2%).
In order to identify the influence of protein intermixing on 
the coupling mechanism, we pipetted two droplets of pure 
eGFP and pure tdTomato solution, respectively, to different 
spots on the bottom mirror, placed several millimeters away 
from each other. By capping the structure with a top mirror, 
both droplets intermix substantially but not entirely. Owing to 
its smaller molecular weight, the monomeric eGFP is consid-
erably more mobile and thus diffuses more quickly than the 
tandem dimer tdTomato. As a result, we observed that eGFP 
diffuses into the entire volume of the tdTomato droplet whereas 
tdTomato only diffuses partially into the eGFP droplet. After 
drying, the eGFP-tdTomato blend exhibits a protein gradient 
that ranges from completely unmixed with only monomeric 
eGFP on one side to partially mixed with eGFP and tdTomato 
molecules in a (chromophore) mixing ratio of roughly 1:1 
on the other side of the sample (see Figure 3A). Angular-
dependent reflectivity spectra were recorded for different 
locations across the microcavity along the protein intermixing 
gradient (Figure 3B–F; the cavity thickness was nearly identical 
for these spectra). All spectra exhibit avoided crossing between 
observed modes, indicating strong interaction between protein 
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Figure 2. A) Angular-resolved reflectivity spectra of a laminated microcavity filled with a protein blend of eGFP and tdTomato for cavity thicknesses of 
1.75 µm (left) and 4.82 µm (right). The spectral range shown coincides with the excitonic range of eGFP. B) Magnified view of (A) showing calculated, 
uncoupled cavity modes (gray dotted lines) and Bragg modes (black dashed line) as well as coupled polariton modes (red lines). C) Thickness-dependent 
reflectivity of the laminated microcavity from (A). The black arrow indicates the thickness chosen for the right panel in (A). D) Thickness-dependent 
excitonic fraction of the main polariton modes of eGFP (α2) and tdTomato (β2).
4 wileyonlinelibrary.com © 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
C
o
m
m
u
n
iC
a
ti
o
n
excitons and cavity photons. For the most strongly mixed case 
(Figure 3G), all observed modes have nearly identical dispersion 
curvature, indicating an increased coupling strength between 
excitons and photons. Coupled oscillator fits (similar to those 
performed for Figure 2D) for all mixing ratios indeed revealed 
a roughly linear increase in coupling strength with increasing 
intermixing. The coupling strength V1 increases from 47 meV 
in the region containing only eGFP to 112 meV in the region 
with a fully intermixed eGFP-tdTomato blend (the calculated 
coupling strengths are given at the bottom of each spectrum 
in Figure 3). V2 increases in a similar way from 52 to 120 meV.
This increase in coupling strength can be explained by an 
increase in oscillator strength, fexc ( ∝ excV f [18]). fexc in turn is a 
function of the absorption spectrum 
∫pi ν ε ν ν= ≈ × −8
3
1.44 10 ( )dexc
2
2
2 19
01f
m
e h
D
 
(1)
with electron mass m, transition dipole moment D, frequency ν, 
and molar extinction coefficient of the S0–S1 transition ε01(ν). 
Since in a blend both eGFP and tdTomato contribute to the 
photon absorption process, the effective oscillator strength 
of the blend is enhanced which results in an increased cou-
pling strength.[19,20] For a mixing ratio of 1:1 and taking into 
account the same chromophore concentration but the different 
extinction coefficients, quantum yields and absorption spectra 
(Figure 1D) of both protein species, we estimate a coupling 
strength of about 102 meV for the fully intermixed blend. 
This is in good agreement with the experimentally determined 
value of 112 meV in Figure 3F. Note that this is the result of 
the increase of the overall molar extinction coefficient, thus 
enhancing exciton–photon coupling. This means that the 
coupling strength can be ramped up drastically and in a deter-
ministic manner by mixing tdTomato in defined amounts to 
the active layer of a strongly coupled microcavity. As pointed 
out above, the coupling strength can also be tuned by changing 
the amount of chromophores in the active region. How-
ever, changing the number of molecules leads to a change in 
cavity thickness as the density of molecules in the protein film 
remains the same. Therefore, changes in coupling strength due 
to an increased amount of chromophores will always be accom-
panied by a change in detuning.
Both tuning mechanisms, that is, the thickness and the 
mixing ratio gradient, can also be combined. Figure 4 shows 
a reflectivity scan (normal incidence) over a sample in which 
the protein and thickness gradients are perpendicular to each 
other (as illustrated in the top scheme). The scan is performed 
at a 45° angle with respect to both gradients and shows a 
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Figure 4. Reflectivity scan (normal incidence) across a microcavity filled 
with eGFP-tdTomato blend of varying mixing ratio. The scan is performed 
along both the protein and along the thickness gradient and thus allows 
simultaneous manipulation of the photonic and excitonic components of 
polaritons. The estimated mixing ratios at the start and end point of the 
scan are given by the red and green labels above the plot.
Figure 3. Investigation of a microcavity filled with an eGFP-tdTomato blend of varying mixing ratio. A) (Top) Image of the microcavity under UV 
illumination. The red and green fluorescence from the two proteins indicates the presence of the gradient in film composition, which ranges from purely 
eGFP on the left to mixed eGFP-tdTomato on the right hand side. A) (Bottom) Schematic illustration of the microcavity with a gradient in mixing ratio, 
with indication of where optical measurements were taken. B–F: Angle-resolved TE-polarized reflectivity spectra (at photon energies close to the eGFP 
exciton energy) for five different blend compositions with nominally B) zero, C) 1:4, D) 1:2, E) 3:4, and F) 1:1 protein mixing ratio (tdTomato:eGFP). 
Numbers in meV are calculated coupling strengths for each position. Top panels: Schematic of the different mixing ratios of eGFP monomers and 
tdTomato tandem dimers.
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simultaneous shift of polariton modes across the spectrum as 
well as an increase in coupling strength (left to right).
In conclusion, we fabricated and investigated laminated 
microcavities filled with blends of the biologically produced 
proteins eGFP and tdTomato. The cavities are fully tunable with 
respect to their photonic and excitonic components. The cavity 
light field is manipulated by changing the mirror distance 
along an adjustable gradient in cavity thickness, allowing con-
trol of energy separation between cavity and exciton and, thus, 
determining the character of polaritons from strongly photonic 
(C = 98%) to fairly excitonic (X = 36%). The addition and inter-
mixing of the red-emitting tdTomato with the green-emitting 
eGFP enhances protein absorption and increases the exciton–
photon coupling. In this way, we were able to demonstrate an 
enhancement of the coupling strength by about 2.4-fold. This 
achievement shows the versatility and flexibility of polariton 
devices. While tuning of photonic state energies can also be 
achieved in “traditional” photonic components, polariton cavi-
ties allow tuning of a mixed light–matter state and also allow 
adjusting the fraction of the light and the matter component. 
This offers exciting future possibilities, especially with respect 
to manipulating the state further by external fields or internal 
potentials. In this context, our findings represent a major step 
toward the exploitation and tailoring of polariton condensates 
in a desired manner inside the very same microcavity.
Experimental Section
The investigated laminated microcavities consist of identical top and 
bottom dielectric mirrors with ten pairs of SiO2/Ta2O5 layers designed 
such that the center of the stop band is located at a wavelength of 
532 nm and the reflectivity reaches up to 99.97% (the corresponding 
reflectivity spectrum is shown in Figure 1D). The fluorescent proteins 
eGFP and tdTomato were expressed in E. coli bacteria and purified 
through column chromatography (details of expression and purification 
can be found in refs., [11,16] and [21]). The produced protein solutions 
(2 mL with 4 g L−1 protein concentration) are filtered, centrifuged, 
and desalted in order to reach concentrations of several tens of g L−1. 
Concentrated solutions of either a single protein and a mixture of both 
proteins were pipetted onto the bottom mirror and then capped by an 
identical top mirror. The subsequent drying of the protein leads to the 
formation of homogeneous solid-state protein films.[11] The mechanical 
capping allows for the formation of a cavity thickness gradient 
(changes in cavity thickness typically range from 1 to 5 µm). Reflectivity 
measurements were performed at room temperature and ambient air 
conditions. White light is guided to the sample through a microscope 
objective (40×, NA = 0.55), the reflected light is dispersed in angle by 
using a Fourier configuration of lenses[22] in the detection path and 
dispersed in energy using a spectrometer.
Data and materials availability: The research data supporting 
this publication can be accessed at DOI http://dx.doi.
org/10.17630/76b966ca-2378-4626-9d4f-81ba321ec126. Additional data 
related to this paper may be requested from the authors.
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